Introduction
Membrane remodeling is essential for the regulation of a variety of events, ranging from organelle biogenesis to cell migration, cell division, and membrane trafficking. This process requires both continuous modifications of the composition and the properties of the lipid bilayer (Shnyrova et al., 2009; Kozlov et al., 2014) and the application of mechanical forces directly to the membranes. The forces are provided by cytoplasmic protein complexes (Daley and Yamada, 2013; Henne et al., 2013; Simunovic and Bassereau, 2014) , which include curvature generators such as BAR (Bin/Amphiphysin/Rvs) domain-containing proteins (Kozlov et al., 2014; Suetsugu et al., 2014) , the ESC RT (endosomal sorting complexes required for transport) complex (Henne et al., 2013; Chiaruttini et al., 2015) , fission factors such as the large GTPase dynamin (Ferguson and De Camilli, 2012) , and various components of the actomyosin cytoskeleton (Hatch et al., 2014; Korobova et al., 2014) . Although membrane remodeling has been extensively studied in cell-free systems and cultured cells, information about the dynamics, mechanisms, and molecular players that drive and regulate this process in multicellular organisms in vivo, where the three-dimensional architecture, cell-cell interactions, and cues coming from vasculature and nervous systems likely have key effects (Shitara and Weigert, 2015) , remains sparse. To address this, we established an in vivo model system to study the role of the actomyosin cytoskeleton in membrane remodeling during regulated exocytosis, a fundamental process in secretory organs (Burgoyne and Morgan, 2003; Sokac et al., 2003; Jerdeva et al., 2005; Nightingale et al., 2011; Miklavc et al., 2012; Porat-Shliom et al., 2013) . Using intravital subcellular microscopy (ISMic), a light microscopy-based technique that enables imaging intracellular structures in live animals (Pittet and Weissleder, 2011; Weigert et al., 2013) , we previously investigated the remodeling of secretory granules in the acinar cells of rodent submandibular salivary glands (SGs; Masedunskas et al., 2011a; Milberg et al., 2014) . We showed that, after the granules release their contents into the extracellular space, their membranes gradually integrate into the apical plasma membrane (APM). This remodeling process is triggered by the assembly of an actomyosin complex comprising F-actin and two isoforms of the actin-binding motor nonmuscle myosin II, NMI IA and NMI IB ( Fig. 1 A; Masedunskas et al., 2011a) . Using a pharmacological approach, we determined that both F-actin assembly and NMII contractile activity were required to drive the integra-Membrane remodeling plays a fundamental role during a variety of biological events. However, the dynamics and the molecular mechanisms regulating this process within cells in mammalian tissues in situ remain largely unknown. In this study, we use intravital subcellular microscopy in live mice to study the role of the actomyosin cytoskeleton in driving the remodeling of membranes of large secretory granules, which are integrated into the plasma membrane during regulated exocytosis. We show that two isoforms of nonmuscle myosin II, NMI IA and NMI IB, control distinct steps of the integration process. Furthermore, we find that F-actin is not essential for the recruitment of NMII to the secretory granules but plays a key role in the assembly and activation of NMII into contractile filaments. Our data support a dual role for the actomyosin cytoskeleton in providing the mechanical forces required to remodel the lipid bilayer and serving as a scaffold to recruit key regulatory molecules.
Concerted actions of distinct nonmuscle myosin II isoforms drive intracellular membrane remodeling in live animals tion to completion (Masedunskas et al., 2011a (Masedunskas et al., ,b, 2012a . In the current study, we sought to: (a) determine the isoform-specific roles of NMII in controlling this process and (b) elucidate the mechanisms underlying their assembly into contractile filaments on the granules.
Results and discussion
To investigate isoform-specific roles of NMII in regulated exocytosis, we used homozygous floxed NMI IA (IIA fl/fl ), NMI IB (IIB fl/fl ), or NMI IA/NMI IB (IIA/IIB fl/fl ) mice ( Fig. S1 ; Crish et al., 2013) . These strains were crossed with mice expressing the Cre recombinase (Cre) reporter Rosa mT/mGFP (mT/mGFP) in which a plasma membrane-targeted peptide tagged with the tandem-tomato protein (mT) is replaced by a similar peptide tagged with GFP (mGFP) upon Cre expression ( Fig. S1 ; Muzumdar et al., 2007) . Both probes are localized at the APM and diffuse into the membranes of the granules upon opening of the fusion pore, thus providing the contrast to visualize the secretory granules and to study the kinetics of their integration (Fig. S1; Masedunskas et al., 2011a ). An adenovirus engineered to express Cre (Ade-Cre) was delivered to the SGs by retroinjection into the salivary ducts of anesthetized mice (Sramkova et al., 2009) . Transfected acinar cells located within the first 50 µm from the gland surface were readily identified and imaged using ISMic (Fig. S1 ). The extent of the depletion of NMI IA and NMI IB was assessed by immunocytochemistry ( Fig. S2 ). In mT/mGFP mice, Cre expression did not affect the levels of NMI IA and NMI IB ( Fig. S2 A) . In the NMII flox mice, although we observed variability in the levels of staining and the background levels, we estimated that after 2 wk from the injection of the virus, NMII isoforms were depleted 60-90% with respect to adjacent acinar cells, which did not express the Cre recombinase ( Fig. S2 A) .
In mT/mGFP mice, Cre expression did not affect the morphology of the acinar cells ( Fig. 1 B) . To stimulate regulated exocytosis, we injected mice subcutaneously (SC) with low doses of the β-adrenergic agonist isoproterenol (ISOP; 0.01-0.03 mg/kg; Masedunskas et al., 2011a) . The kinetics of granule integration into the APM were estimated by measuring the diameter of the fused secretory granules over time, as described in Materials and methods (Fig. S1 and Fig. 1, . In both nontransfected and Cre-transfected control mice, granule membranes integrated into the APM within 40-50 s, with linear kinetics similar to those previously reported (Fig. 1, B and D; and Video 1; Masedunskas et al., 2011a) . In IIA/IIB fl/fl mice, although the onset of exocytosis was not affected, we observed that the integration of the fused secretory granules into the APM was either significantly delayed or halted within the observation period of 150 s (Fig. 1, C and E; Fig. S2 B; and Video 1) . The maximum granule diameter over this period was significantly increased in IIA/IIB fl/fl mice ( Fig. 1 E, bottom) . Although the kinetics of the integration exhibited some variability ( Fig. S2  B) , we consistently observed that the granules significantly expanded in diameter with respect to the nontransfected cells. As previously reported, the impairment of F-actin assembly results in a transient expansion of the secretory granules because of both the buildup of hydrostatic pressure inside the acinar canaliculi by fluids released during secretion and the stimulation of compound exocytosis (Masedunskas et al., 2011a (Masedunskas et al., , 2012a . The recruitment of F-actin at the APM and onto the secretory granules in IIA/IIB −/− cells was, however, not affected ( Fig. S2  C) , suggesting the phenotype observed was most likely caused by the lack of both NMII isoforms.
Interestingly, cells lacking either NMI IA or NMI IB showed distinct integration phenotypes. In Cre-transfected IIA fl/fl mice, secretory granules partially integrated into the APM (50-60% of the initial diameter) and then halted ( Fig. 1 F; Fig. S2 , B and D; and Video 1). However, in Cre-transfected IIB fl/fl mice, the secretory granules underwent an initial expansion, followed by a delayed integration ( Fig. 1 G; Fig. S2 , B and E; and Video 1). The maximum granule diameter over the course of integration was also significantly higher in IIB fl/fl mice ( Fig. 1 G, bottom) but not affected in IIA fl/fl mice ( Fig. 1 F, bottom) . These findings show that both NMI IA and NMI IB are required to regulate the integration of the secretory granules into the APM and likely act at two different phases of this process. Although we cannot rule out that the impairment in granule integration occurs because of changes in the biophysical properties of the APM (e.g., membrane tension), we favor a model in which the two NMII isoforms generate contractile forces on the F-actin scaffold, which is assembled on the granules. The fact that a small population of granules undergoes integration in the absence of both isoforms could be because of the residual levels of NMII isoforms or additional mechanisms that may regulate this process. Indeed, it has recently been proposed that granule compression in alveolar type II cells is regulated by actin depolymerization and cross-linking (Miklavc et al., 2015) . Consistent with this study, we observed that the F-actin-severing protein actin-depolymerizing factor (ADF)/cofilin is also recruited onto the granules after fusion with the APM (Fig. S3 E) . We ruled out the involvement of the third isoform of NMII, NMI IC ( Fig. S3 E), and are currently investigating other myosin motors, such as myosin 1c (Sokac et al., 2006) .
Next, we determined the kinetics and the order of recruitment of both NMII isoforms and F-actin with respect to the opening of the fusion pore. To this end, we used: (a) transgenic mice that express the well-established F-actin probe Life act (LF) tagged with either GFP or RFP-Ruby ( Fig. S3 A and Fig. 2 ; Riedl et al., 2008 Riedl et al., , 2010 , (b) knock-in mice that express GFP-NMI IA or GFP-NMI IB ( Fig. 2 ; Bao et al., 2007; Zhang et al., 2012) , (c) mT/mGFP mice ( Fig. S3 B) , and (d) mice generated by crossing some of these strains ( Fig. 3 and Fig. S3 ). Under resting conditions, GFP-LF, RFP-LF, GFP-NMI IA, and GFP-NMI IB localized primarily to the APM of the acinar cells and, to a lesser extent, to the basolateral plasma membrane ( Fig. 2 A, arrows) . Upon injection of ISOP, they appeared on secretory granules in close proximity to the APM (Fig. 2 B, arrowheads) . Both GFP-NMI IA and GFP-NMI IB were present on ∼80% of F-actin-coated granules, indicating that both isoforms are recruited onto the same granules ( Fig. 2 D) . Quantitation of fluorescence intensity on the granules over time showed that the levels of LF, NMI IA, and NMI IB all increased in a linear fashion, with LF exhibiting a faster recruitment than both NMII isoforms, reaching a peak, and then declining ( Fig. 2 B , arrowheads; Fig. 2 C;  and Videos 2 and 3). We analyzed the order of recruitment and found that LF was detected on the granules ∼2 s after the appearance of the mT probe, which, as we have previously shown, occurs concomitantly with the opening of the fusion pore ( Fig. S3 ; Masedunskas et al., 2011a) . In mice expressing RFP-LF and either GFP-NMI IA or GFP-NMI IB, we found that both NMII isoforms appeared onto the fused granules with a delay of a few seconds with respect to LF ( Fig. 3 and Video 4), marking the onset of the integration of the granules. As the motor domain of both NMII heavy chains contains a well-characterized actin-binding site (Furch et al., 1998; Murphy and Spudich, 1999) , we reasoned that NMII could be recruited onto the fused granules by the newly assembled actin filaments. To test this hypothesis, we disrupted F-actin assembly by either cytochalasin D (CytoD; Fig. 4 ) or Latrunculin A (LatA; Fig. S4 A) . As previously reported, these treatments do not affect the fusion of the granules with the APM but do induce a significant expansion of granules and block their integration (Masedunskas et al., 2011a) . We confirmed that all the enlarged granules detected in the acinar cells indeed originated from the APM, as they were labeled with the apical marker aquaporin 5 (Gresz et al., 2004) but not with Na + /K + /2Cl − cotransporter (NKCC1), a well-established basolateral marker ( Fig. 4 A; Evans et al., 2000) . Surprisingly, neither CytoD nor LatA treatments affected the recruitment of either endogenous NMI IA and NMI IB ( Fig. 4 B) or GFP-NMI IA (Fig. 4, C and D; and Fig. S4 A) onto the granules, although their distribution was no longer homogenous but rather patchy ( Fig. 4 B , green arrowheads). Experiments using GFP-NMI IB were inconclusive. Similar observations were made imaging the exocytosis of mucincontaining granules in the SGs of fruit flies that express LF-Ruby and either Zip-GFP or Sqh-GFP (i.e., heavy and light chain of the Drosophila myosin II, respectively; Fig. S4 B) , a secretory model system that uses a similar actomyosin complex to complete exocytosis (Tran et al., 2015) . One pos- sible explanation for these findings is that the effect of actindisrupting agents is partial, allowing NMII isoforms to bind short residual actin filaments that still assemble on the granules. However, we are inclined to rule out this possibility based on the following evidence. First, in high-resolution z stacks of the enlarged CytoD-treated granules labeled with both GFP-NMI IA and phalloidin, we observed that patches of residual F-actin did not overlap with GFP-NMI IA (Fig. 4, D and E, bottom) . Second, despite the expected significant decrease in the density of F-actin after CytoD treatment, we measured a two-to threefold increase in the levels of GFP-NMI IA on the enlarged granules with respect to control conditions (Fig. 4 E, top) . Finally, using time-lapse imaging in GFP-NMI IA mice, we observed that the kinetics of the initial recruitment of GFP-NMI IA on the granules is not altered by the disruption of F-actin assembly (Fig. 4 F) . Overall, our findings strongly suggest that F-actin does not play a key role in the recruitment of the NMII isoforms onto the secretory granules. This is con- sistent with two recent studies: the first, in yeast, which shows that, during cytokinesis, NMII is recruited to the contractile ring by both IQG AP-Rng2 and anillin (Takaine et al., 2014) , and the second, in Drosophila, which shows that, during morphogenesis, increased membrane tension is sufficient to promote the recruitment and activation of NMII at the cell cortex to regulate axis elongation (Fernandez-Gonzalez et al., 2009) . NMII bipolar filament assembly and activation is initiated by the phosphorylation of the NMII regulatory light chain (RLC) on S19 and T18, which induces a change in NMII conformation from a compact 10S assembly-incompetent to an extended 6S assembly-competent complex (Burgess et al., 2007; Jung et al., 2008) . Intrigued by the observation that NMII appeared in discrete patches on the granule membrane upon disruption of F-actin assembly (Fig. 4, B and F; Fig. S4 , arrows; and Video 5), we wanted to test whether these patches represented aggregates of folded/nonphosphorylated NMII molecules and whether F-actin is required to initiate the assembly and activation of bipolar NMII filaments.
To test this hypothesis, we first asked whether the RLC was phosphorylated during regulated exocytosis. Immunofluorescence showed that phosphorylated RLC was localized at the APM under resting conditions ( Fig. S4 ) and on the fused F-actin-coated secretory granules upon ISOP stimulation ( Fig. 5 A, left and middle, arrowheads and insets). Second, we investigated whether the RLCs of NMII on the fused granules were phosphorylated by myosin light chain kinase (MLCK; Hong et al., 2011) . We found that, like phosphorylated RLC, MLCK localized in the cytoplasm under resting conditions (not depicted), whereas upon stimulation, it localized to 42 ± 2% of actin-coated secretory granules (mean ± SD, n = 600 granules scored in three animals; Fig. 5 A, right, arrowheads and inset). Next, we inhibited MLCK, via administration of ML-7 (Saitoh et al., 1987) through the salivary ducts, to determine the extent to which it regulates NMII during granule integration. We found that ML-7 treatment resulted in a significant delay in the integration of granule membranes into the APM and an initial expansion of (Bottom) Isosurfaces generated as described in Materials and methods that show that GFP-NMI IA (green) does not overlap with the residual F-actin (red) on the enlarged granules. Bar, 3 µm. (E) Levels of GFP-NMI IA and phalloidin on the secretory granules after treatment with CytoD or LatA (top) and their the granules (Fig. 5 C) . These defects in granule integration were similar to those observed in the absence of NMI IA and/ or NMI IB, most closely recapitulating the phenotype of the IIB fl/fl mice. This indicates that MLCK is required for activation of NMII on secretory granules.
Interestingly, whereas the level of the phosphorylated NMII on the granules was reduced after ML-7 treatment, as expected, the recruitment of NMI IA on the secretory granules was not affected (Fig. 5 B) , indicating that NMII may indeed be targeted to fused granules in a 10S complex. Finally, we observed a reduction of both NMII RLC phosphorylation ( Fig. 5 D, arrowheads) as well as MLCK ( Fig. 5 E, arrowheads) after CytoD treatment. This is consistent with the fact that MLCK possesses a series of well-characterized F-actin binding sites (Hatch et al., 2001) . Collectively, these data suggest that, during regulated exocytosis, NMII is recruited to fused secretory granules in an inactive state and that F-actin plays a key role in controlling the machinery regulating the assembly and activation of NMII filaments via the recruitment of MLCK. This is interesting as, in SGs, β-adrenergic stimulation activates primarily cAMP and PKA signaling pathways (Inagaki et al., 2010) rather than the canonical Ca 2+ /calmodulin pathway, which controls the activation of MLCK in other systems (Kamm and Stull, 2011) . The role of Ca 2+ -independent regulation of nonmuscle NMII contractility has been poorly understood and primarily investigated in endothelial cells, where it was reported to play either an inhibitory (Goeckeler and Wysolmerski, 2005) or stimulatory role (Raina et al., 2009) . Therefore, future investigations of the role of cAMP/PKA signaling in MLCK activation during regulated exocytosis will provide an improved understanding of this process.
In summary, here, we have begun to dissect the steps of the assembly of an actomyosin complex in live animals and to unravel the coordinated role of two NMII isoforms during membrane remodeling. We showed that F-actin is the first component assembled onto the membranes of the secretory granules, followed by the NMII isoforms, which are recruited independently of F-actin via a not yet identified mechanism. Notably, our study strongly suggests that F-actin provides a scaffold that can be used to transduce myosin-driven contractions and a signaling platform to recruit crucial components that initiate the assembly and activation of NMII filaments and possibly their disassembly. Because of the resolution limit of light microscopy, we could not determine whether NMI IA and NMI IB are assembled in hetero-or homofilaments or whether they show a distinct localization on the secretory granules. Nonetheless, our data support the notion that NMI IA and NMI IB play different roles during the integration process that likely require two distinct but coordinated steps, depicted in a model (Fig. 5 F) based on both data and speculation. The first is regulated by NMI IB, which stabilizes the membranes of the granules after fusion. We speculate that NMI IB may play an active role by driving the membranes toward the APM and/or facilitating F-actin depolymerization. The second is regulated by NMI IA, which is required to complete the integration process. One possibility is that it controls the progressive expansion of the fusion pore (Fig. 5 F) . This model is consistent with the different enzymatic properties of these two NMII isoforms. Indeed, NMI IA has been shown to induce a higher contraction rate on actin filaments than NMI IB (Kovács et al., 2003; Heissler and Manstein, 2013) , thus making it more suitable to regulate fast processes such as the opening and closing of the fusion pore, as suggested for neuroendocrine cells and the exocrine pancreas (Doreian et al., 2008; Neco et al., 2008; Bhat and Thorn, 2009) . It is also possible that NMI IA controls plasma membrane tension, which, as shown in recent studies, regulates the integration of secretory vesicles (Bretou et al., 2014; Wen et al., 2016) . However, NMI IB has a higher duty ratio than NMI IA and behaves as a cross-linker that generates prolonged tension on actin filaments Heissler and Manstein, 2013) , thus being more suitable for slower but more sustained contractions. However, we cannot completely rule out that NMI IB controls the dynamics of the fusion pore, as the expansion of the granules could be caused by swelling of the cargo upon closure of the fusion pore.
To distinguish between these models, it is essential in the future to develop approaches to measure the biophysical properties of the membranes in live mice. For example, the dynamics of the fusion pore could be investigated by measuring the kinetics of the ingress of fluorescent probes of different sizes into the fused granules, as shown in rats (Masedunskas et al., 2011a ) and ex vivo model systems (Larina et al., 2007) . Unfortunately, this approach does not work in mice because of the small size of the salivary ducts, which prevents the effective delivery of the probes into the acinar canaliculi. Alternatively, the dynamics of the pore could be assessed by measuring the release of cargo molecules into the canaliculi. This will require the generation of transgenic mice expressing a fluorescently labeled cargo protein sorted into the secretory granules, similarly to what has been shown in Drosophila (Tran et al., 2015; Rousso et al., 2016) . Measures of membrane tension by classical approaches (e.g., optical tweezers or atomic force microscopy) are not feasible in live animals because of the lack of direct access to the tissue. However, we envision that other biophysical parameters correlated with membrane tension, such as membrane mobility, could be measured in vivo by light microscopy approaches, such as FRAP, which has been already applied in live mice (Erami et al., 2016) . In addition, it will be important to define the ultrastructure of the secretory granules during different stages of the integration and under different experimental conditions to gain information such as the local changes in the curvature and the size of the pore, thus providing the basis to model the forces necessary to drive this process. (F) Proposed model of assembly of the actomyosin complex and role of the two NMII isoforms, based on data from this study (solid blue lines) and speculation (dashed blue lines). F-actin is assembled onto the membrane of the granules, and NMII isoforms are recruited via a not yet defined mechanism. F-actin recruits MLCK, which phosphorylates the RLC initiating the formation of NMII filaments, which in turn bind to F-actin. NMI IB generates sustained contraction on the F-actin scaffold (light blue double arrows), and the resulting forces drive the membranes of the granules into the APM (light blue arrows). This process may be also driven by F-actin cross-linking and depolymerization. NMI IA may generate contractions (light blue double arrows) that facilitate the expansion of the fusion pore (light blue arrows). Alternatively, NMI IA may directly or indirectly control plasma membrane tension and regulate the integration. ELC, essential light chain.
Materials and methods

Animals and procedures
knock-in mice and homozygous floxed NMI IA (IIA fl/fl ), NMI IB (IIB fl/fl ), or NMI IA/NMI IB (IIA/IIB fl/fl ) mice were generated as described previously (Bao et al., 2007; Masedunskas et al., 2012a; Zhang et al., 2012) . These mice were crossed according to Fig. S1 and Table 1 , and PCR was used to confirm their genotypes.
All the mice (males and females) used in this study weighed 20-40 g. They were brought from the vivarium into the laboratory at least 2 d before the experiments and fed chow and water ad libitum. Mice were anesthetized by an i.p. injection of a mixture of 100 mg/kg ketamine and 20 mg/kg xylazine. The submandibular SGs were externalized, and the body temperature of the animals was controlled and maintained at 37-38°C, as previously described (Masedunskas et al., 2011a) . We imaged a minimum of three animals per condition tested. This ensured us to score: (a) 5-10 exocytic events per animal in time-lapse imaging experiments, (b) 200-300 fused secretory granules per animal in immunofluorescence experiments, and (c) 15-30 fused granules per animals in Z scan. Randomization or blinding was not used in this study.
Adeno-Cre production
The adenovirus plasmid expressing Cre recombinase was developed using the ViraPower Adenoviral Expression System, which utilizes Gateway cloning technology (Life Technologies). Forward and reverse primers were synthesized to amplify just the CreGFP from the pCAG -Cre :GFP plasmid (plasmid 13776; Addgene) for the subsequent BP (PCR fragment + donor vector = entry clone) and LR (entry clone + destination vector = expression clone) reaction with the ViraPower plasmid. The plasmid was subsequently digested by a Pac1 endonuclease (New England Biolabs) and transfected into HEK-293a cells at 70-80% confluency in 15-25-cm Petri dishes using Turbofect transfection reagent (Life Technologies) for adenovirus production. 2-3 d later, the cells were lysed and added to the media, and the mixture was used to purify and concentrate the virus to ∼0.2-0.6 × 10 13 viral particles/ml using a Vivapure AdenoPACK 500 kit (VS-AVPQ501; Sartorius Stedim). Viral particles were stored at −80°C in a buffer containing glycerol.
Adenovirus and drug delivery into the mouse submandibular SGs
Anesthetized mice were positioned in a previously described custommade device (Masedunskas et al., 2011a) to hold the mouth open under a stereomicroscope. The submandibular salivary ducts (Wharton's ducts) located below the tongue were slightly enlarged by inserting flexible metallic cannulae, which were rapidly removed and replaced by tail vein catheters (BrainTree Scientific). The catheters were connected to a sterile syringe loaded with either the adenovirus (∼10 9 -10 10 particles/gland in sterile saline) or the drug diluted at the appropriate concentration. To prevent damaging the glands, the injections were performed using a PHD Ultra Nanomite syringe pump (Harvard Apparatus) with a flow rate of 2 µl/min and not exceeding a total volume of 45-50 µl per gland.
For the Ade-Cre delivery, the mice were placed back in their cages after the injections. Although Cre expression was detected after 2 d, substantial reductions in the levels of NMI IA and NMI IB were reached after 12-14 d (Fig. S2) after the injections. The efficiency of adenoviral-mediated expression in the acinar cells, although limited to one to three cells per field of view, was sufficient to perform time-lapse imaging and quantitative analysis. Drugs were all injected at the appropriate doses 20 min before the stimulation with ISOP, using DMSO as a control.
Indirect immunofluorescence
Fluorescent staining was performed by various protocols, depending on the antibody used, as described in Table 2 .
Cardiac fixation. To preserve the subcellular architecture of the acinar cells, the SGs were fixed by cardiac perfusion using a solution consisting of 0.05% glutaraldehyde and 4% formaldehyde in 0.2 M Hepes buffered at a pH of 7.3. Cardiac perfusion was performed as follows: the left ventricle of the heart was punctured, and saline was injected to wash out the blood from the right atrium, followed by 30-35 ml of the fixative prewarmed to 37°C. Once the glands were fixed, they were excised, sliced into 150-200-µm sections in 1× PBS 7.4 using a vibratome (VT1000s; Leica), placed in fixative overnight at 4°C, washed in 1× PBS 7.4, and then stained. The immunostaining procedure after cardiac fixation involved the following steps: (a) blocking in 10% FBS and 0.02% saponin in PBS (blocking solution) for 30-45 min at RT, (b) incubation with primary antibodies in blocking solution for 2 d at 4°C, (c) staining with secondary antibodies in blocking solution overnight at 4°C, (d) if needed, staining with either phalloidin or HOE SCHT for 30-60 min at RT, and (e) mounting each section on a glass slide with no. 1.5 coverslips for confocal imaging. In some cases, glutaraldehyde was omitted from the fixative to improve the antigenicity of the antibodies, provided that the structure of the acini was not significantly altered.
Snap freezing. Alternatively, SGs were excised, embedded in optimal cutting temperature compound (Tissue-Tek), and snap frozen in isopentane cooled in liquid nitrogen. Afterward, frozen tissue blocks were cut in 10-15-µm sections using a cryostat (CM3050S; Leica) at -20°C, adhered to silane-coated glass slides, and stained. The staining procedure involved first fixing each section by incubating it with the fixative solution for 15 min at RT. The staining involved the following steps: (a) incubation with blocking solution for 30-45 min at RT, (b) incubation with primary antibodies in blocking solution overnight 4°C, (c) staining with secondary antibodies in blocking solution for 1 h at room temperature, (d) if needed, staining with either phalloidin or HOE SCHT for 30-60 min at RT, and (e) mounting each section on a glass slide and sealing each section with a no. 1.5 coverslip for confocal imaging.
Whole-mount staining in CytoD-and LatA-treated mice. The SGs of GFP-NMI IA mice were exposed and bathed for 20 min with 10 µM CytoD or LatA in saline maintained at 37°C and injected with 0.01 mg/kg ISOP SC. After 10 min for CytoD and 20 min for LatA, the glands were excised, fixed with 4% formaldehyde in 0.2 M Hepes buffered at a pH of 7.3 for 24 h at 4°C. The drugs penetrate into the tissue only for few hundreds of micrometers from the surface of the glands. Therefore, we sectioned them with the vibratome to generate: (a) slices with one side exposed to the drug (treatment) and (b) slices that were not exposed to the drug (control). All the slices were stained under the same conditions with phalloidin or HOE SCHT for 30-60 min.
ISMic
In the anesthetized mice, the submandibular glands were exposed by a small longitudinal incision in the submandibular region. Using forceps, the connective tissue was separated from the glands without injuring the parenchyma. The exposed glands were gently pulled out without damaging them and without severing the blood vessels and the nerves. During the procedure, the glandular tissue was constantly moistened by applying saline. The anesthetized mice were placed on the preheated stage of a microscope and covered with a heated pad (37°C) to maintain body temperature. The externalized SGs were accommodated on a coverslip mounted on the stage above the objective. The glands and the body of the animal were immobilized using custom-made holders as previously shown (Masedunskas et al., 2011a) . The blood flow was assessed visually by using the eyepiece. Animals with impaired blood flow were excluded from the analysis. Only acini-close blood vessels were imaged.
Microscope and imaging parameters
ISMic and indirect immunofluorescence were performed by a point-scanning IX81 inverted confocal microscope equipped with a scanning head (Fluoview 1000; Olympus America Inc.). All images were acquired using a Plan Apo 60× N.A. 1.42 oil immersion objective (Olympus America Inc.). Fluorophores were imaged using the appropriate lasers as required by their excitation spectra (excitation at 405, 488, 561, or 633 nm). Fluorophores with slightly overlapping emission ranges were imaged using the sequential scanning mode to avoid bleed through. The optimal focal plane for imaging the acinar cells was set at ∼15 µm below the surface of the gland, as determined by visualization of the collagen capsule that surrounded the acinar cells. For intravital microscopy specifically, the acquisition speed was ∼0.765 s/frame, and the pinhole was optimally set to 0.9 µm. z stacks were acquired at 0.25 or 0.50 µm apart going deeper into the section or tissue. During acquisition, any x-, y-, or z-axis drifts were manually corrected.
Image analysis and quantitation
Before quantification, all the time-lapse videos were processed by digital image stabilization, which was performed using linear alignment using the Stackreg plugin in ImageJ (National Institutes of Health). Stabilization significantly minimized any distortions from motion artifacts created during ISMic. Data analysis and graphics were done in Prism (GraphPad) and Excel (Microsoft), and the images were assembled in Photoshop (Adobe).
Diameter of the secretory granules. The diameters of the secretory granules were estimated in mice expressing the mT/mGFP reporter. They were identified as circular profiles at the APM labeled by either mT or mGFP. Diameters were measured in time series from the frame the profiles of the granules were clearly visible, which typically occurs 5-10 s after the opening of the fusion pore. The diameters were reported as a function of time, and in Figs. 1 and 4, time 0 corresponds to three frames before the beginning of the integration into the APM. Finally, the maximal diameters during the integration were calculated for each condition. Results are reported as mean ± SD. Statistical significance among different conditions was calculated using ANO VA.
Fluorescence intensity in time-lapse experiments. The secretory granules fused at the APM were identified by the specific fluorescent marker analyzed, and a circular region of interest was drawn around them using ImageJ. The normalized fluorescent intensity was measured and plotted as a function of time. Time 0 was assigned to the frame before the one in which the intensity of the first fluorescent marker analyzed rose above background levels. As mice and granules exhibited different levels of fluorescence, the measured intensities were normalized in a way that 1 was assigned to the maximum value and 0 to the background. For each mouse expressing a single fluorescent maker, the values of the fluorescent intensity for a given time point were averaged and reported as mean ± SD. For mice expressing two fluorescent markers, we reported the curves for one representative granule. For all the experiments, 5-10 granules per animal were analyzed for a total of three to five animals. The t 1/2 of the recruitment of GFP-LF, RFP-LF, GFP-NMI IA, and GFP-NMI IB onto the secretory granules was calculated.
Fluorescence intensity in z stacks. Z stacks were acquired by confocal microscopy using the same laser power and detector settings for controls and treatments. Volume rendering and surface area were generated with Imaris software (Bitplane) using the isosurface tool. The integrated density of the fluorescent levels per granule was estimated using Imaris or FIJI software.
Fluorescence colocalization analysis. Fiji software was used for colocalization analysis. Images were manually thresholded, and an image containing the overlapping pixels (GFP-NMllA and phalloidin) was generated using the multiply feature in the image calculator function. Finally, individual fused SGs were outlined, and the overlapping integrated fluorescence intensity was divided by the integrated fluorescence intensity of GFP-NMllA to calculate percent colocalization.
Drosophila experiments
Fly strains and genetics. The following Drosophila lines were used: Bloomington no. 35545 (y 1 w*; , no. 58362 (w*; P{UASt-Lifeact-RFP}3), and no. 57144 (y 1 w*; sqh-GFP. RLC}2). Bloomington no. 35545 was recombined with Flytrap line no. CC01626 to generate Zip-GFP and UAS-Lifeact-Ruby. The Gal4 driver line used in these studies was Bloomington stock no. 6978 (w 1118 ; P{GawB}c135), which drives expression in the Drosophila SG beginning during embryonic stage 15 and continuing through the third instar larval stage. The c135-Gal4 driver was recombined with Bloomington no. 58362 to generate c135-Gal4> UAS-Lifeact-RFP. All Drosophila crosses were kept on MM media (KD Medical, Inc.) at 25°C unless specified otherwise.
Ex vivo Drosophila SG culture and real-time imaging. Secreting SGs from third instar larvae were dissected in Schneider's Drosophila medium (Gibco) and transferred to glass-bottom culture dishes (MatTek) containing 50 µl of media. Then, the majority of the media was removed from the dish and a 13-mm, 0.05-µm, polycarbonate membrane filter (Sterlitech) was gently placed on top of the gland. The media that was removed from the dish was then placed on top of the membrane filter, and LatA (final concentration 3 µM) or CytoD (final concentration 10 µM) was added to the media resting on top of the polycarbonate membrane immediately before imaging. All glands were imaged on a confocal microscope (A1R+; Nikon) with a CFI Lambda S Apo LWD 40×/1.15 NA WI objective.
Online supplemental material
Fig. S1 describes the membrane/Cre reporter mice and the generation of floxed NMII mice expressing the Cre reporter. Fig. S2 describes the quantification of the NMI IA and NMI IB levels in mt/mGFP, IIA fl/fl , IIB fl/f , and IIA-IIB fl/f mice. In addition, it shows some representative curves of the kinetics of integration of the secretory granules reported in Fig. 1. Fig. S3 describes the kinetics of recruitment of the actomyosin cytoskeleton onto the secretory granules. Fig. S4 describes the recruitment of NMII onto secretory granules despite inhibition of F-actin in mice and Drosophila and the phosphorylation of NMII light-chain kinase under resting conditions. Video 1 shows the integration of secretory granules into the APM in mice lacking NMI IA, NMI IB, or both. Video 2 shows the kinetics of recruitment of GFP-LF and RFP-LF onto the secretory granules fused with the APM. Video 3 shows the recruitment of GFP-NMI IA and GFP-NMI IB onto the secretory granules fused with the APM. Video 4 shows the delay of recruitment of GFP-NMI IA and GFP-NMI IB onto the secretory granules fused with the APM with respect to F-actin. Video 5 shows the recruitment of GFP-NMI IA onto the secretory granules fused with the plasma membrane when F-actin assembly is prevented by CytoD.
